Phosphate rocks such as fluorapatite often contain significant amounts of rare earth minerals and considered as rare earth ores. They can be processed to produce phosphoric acid as well as rare earth metals. The mineralization, however, is commonly associated with other rare earth minerals such as monazite ((Ce,La,Th,Nd,Y)PO 4 ), florencite ((La,Ce)Al 3 (PO 4 ) 2 (OH) 6 ), xenotime (YPO 4 ) and cheralite ((Ca,Ce)(Th,Ce)(PO 4 ) 2 ). The treatment of fluorapatite for rare earth extraction commonly requires a pre-leach stage with a mineral acid. Calcium, sodium, magnesium, aluminum, potassium, iron, manganese. A range of other metals such as uranium and thorium may enter the solution depending upon the oxide/phosphate/silicate mineralogy. Further processing may involve partial neutralisation to precipitate any rare earth metals which may have solubilised during pre-leach, acid bake of the residue/precipitate with sulphuric acid, water leach followed by purification and precipitation. This paper describes results from a comparative study conducted on pre-leaching a phosphate rare earth concentrate using perchloric, hydrochloric, nitric and phosphoric acids under various leach conditions including different acid concentrations, temperatures and solid/liquid ratios. Through equilibrium constants and kinetic data including measured leachability of relevant metal ions, the study suggests an alternative process route which involves a selective phosphoric acid pre-leach causing low deportment of rare earth elements, uranium and thorium leading to a potentially more efficient downstream process.
INTRODUCTION
The rare earth elements (REEs) are a unique group of metals regarded as being among the most critical elements that are highly valued for their specialised application in many modern technologies. In recent years, REEs have become a significant topic of interest in the metals industry due to a global supply shortage and strengthening demand (Investor Intel, 2015; European Union, 2014) . This has led many companies to develop processing techniques for extracting REEs from less common rare earth bearing deposits (Jorjani et al., 2011) and reclaiming REEs from end-of-life products by recycling (urban mining) spent batteries, phosphors and permanent magnets (Tunsu et al., 2015) . One such example is the apatite group of minerals (mainly fluorapatite) which are commonly mined for the production of phosphoric acid in the fertiliser industry (Olanipekun, 1999; Dippel, 2004) . Apatite ores are known to contain significant quantities of REEs and therefore processing of apatite ores for REEs has become more prominent recently (Wang et al., 2010) . These deposits however, often require a pre-leach stage prior to the acid bake stage at elevated temperature where the latter converts REE-phosphates to water soluble REE-sulphates (Gupta and Krisnamurthy, 2005) . Some of the reactions involved in the pre-leach stage are listed in Table 1 . The aim of the pre-leach stage of ores/concentrates is to remove the calcium which otherwise interfere with liberation of REEs in acid bake stage due to formation of gypsum. However, the results from prior test work on the pre-leaching of some concentrates using hydrochloric and nitric acid showed that significant amount of REEs were also solubilised in the process which is undesired (Beer et al., 2008) .
Any rare earth metal ions leached with hydrochloric acid can be precipitated by the addition of limestone to produce a pre-leach residue and precipitate, rich in phosphate and REEs. The pre-leach liquor could then be passed onto a number of stage-wise precipitation processes where limestone and lime are added to recover the uranium, fluoride, gypsum (CaSO 4 .2H 2 O) and di-calcium phosphate (CaHPO 4 .2H 2 O) (Senanayake et al., 2014b) . Through the addition of sulphuric acid, hydrochloric acid can be regenerated and recycled back to the preleach process (Feldmann and Demopoulos, 2015) . On the other hand, if phosphoric acid is used for the pre-leach (Eq. 4a), by the addition of H 2 SO 4 to pre-leach liquor (Eq.4c), phosphoric acid can be regenerated and recycled to leach. Excess phosphoric acid regenerated can be a saleable by-product which may enhance the economic viability of a process.
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For this reason, a better understanding of solubilities of rare earth metal ions and controlling the deportment of elements such as uranium, thorium, iron and aluminium are particularly important. Recent studies have focussed on a systematic study on (i) the solubility of rare earth metal ions in different acids and liquors of compositions similar to those of process liquors, (ii) leachability of metal ions from fluoroapatite as well as from a rare-earth phosphate concentrate and (iii) the treatment of the pre-leach liquor to precipitate calcium phosphate as a saleable product (Senanayake et al., 2014a, b; Bandara and Senanayake, 2015) .
This work aims to briefly review the previous studies and compare the leaching of fluorapatite in different acids (perchloric, hydrochloric, nitric and phosphoric acids) at comparable conditions using two natural fluorapatite samples and a rare earth bearing fluorapatite concentrate. The reason for using perchloric acid for comparison was to specifically compare the effect of anions. The study also aims to investigate the effect of phosphoric acid concentration, temperature and pulp density on the leaching of fluorapatite and the concentrate.
PREVIOUS STUDIES
Arguably the most common use of apatite is in the production of fertilisers and phosphoric acid due to the high content of phosphorus (Olanipekun, 1999) . In this process, sulphuric acid is used to produce phosphor-gypsum, phosphoric acid and hydrofluoric acid according to reaction 1 in Table 1 . Hydrochloric acid and nitric acid have been used in many apatite leaching studies (Zafar et al., 2006; Dorozhkin, 2012; Habashi, 1998) and have shown high calcium and phosphate leaching. In all cases REEs are leached and therefore a reprecipitation is required before the acid bake process. Sulphuric acid is not favoured in preleach due to potential entrainment of REEs, in the phosphor-gypsum precipitate.
The solubility of rare earth phosphates in phosphoric acid, which is also produced in reactions 2 and 3 in Table 1 as well as with perchloric acid, is low due to the common ion effect, i.e. phosphate ions in both the solid and solution phases (Migddisov et al., 2009; Cetiner et al., 2005; Liu and Byrne, 1997) . For this reason, prior studies into the leaching of REEs present in apatite ores using phosphoric acid are limited. However, the results from fluorapatite leaching with phosphoric acid show high solubility of calcium and phosphate which in turn suggest the
potential application of phosphoric acid in the pre-leaching stage. (Brahim et al., 2008; Antar and Jemal, 2008) .
Test work into the acid pre-leach stage of a rare earth phosphate concentrate using nitric acid and hydrochloric acid has been conducted previously by Mackowski et al. (2011) . It was found that the nitric acid pre-leaching study was effective in dissolving 97% and 94% of the calcium and phosphorus, respectively, whilst the extraction of the light REEs (La, Ce, Pr and Nd ) was 40%. The pre-leach with hydrochloric acid showed similar results, but the dissolution of key REEs present (La, Ce and Nd) was approximately 10% lower. Figure 1 shows the comparison of the HNO3 and HCl pre-leach study results of the same concentrate based on the conditions listed in Table 2 . It must be noted that the plot in Figure 1 is purely for comparison purposes only and it must not be interpreted as one study being dependent on the other. Interestingly, the plot shows that calcium, phosphorus, fluoride and silicon gave comparable leaching efficiencies (%) in the two acids, as the data points lie on the straight line of slope 1 through the origin. However, nitric acid was more effective in solubilising the REEs than hydrochloric acid, as the data points for REEs lie below the line of slope 1.
Figure 2 summarises the results from solubility studies (Senanayake et al., 2014b) and show the precipitation of various metal ions from HCl pre-leach liquors which contained: Ca (90 Figure 2 . Thus, calcium phosphate can be effectively separated from fluoride, uranium and thorium using a two stage selective precipitation with calcium carbonate at pH 0.3 (stage 1) and pH 3 (stage 2) (Senanayake et al., 2014b) .
The lack of comparability of conditions in Table 2 rationalise the leach chemistry (Bandara and Senanayake, 2015) . The objectives of the present study are listed below:
 Investigate the leachability of fluorapatite and a phosphate concentrate using perchloric, hydrochloric, nitric and phosphoric acids under comparable conditions (i.e.
controlled temperature, acid concentration, pulp density, agitation rate and leach duration).
 Investigate the use of phosphoric acid as a potential lixiviant for leaching fluorapatite by examining the effect of changing acid concentration, pulp density, operating temperature and leach duration.
 Examine the deportment of rare earth elements, as well as other key elements such as uranium, thorium, iron and aluminium in both leach liquor and solid residue.
 Explain the trends using equilibria related to solubility and complex formation.
EXPERIMENTAL
The particle size distribution (PSD) for the concentrate was determined using a Microtrac S3500 laser sizing machine. After obtaining the 80% passing size (P 80 ) of the concentrate from the PSD, the large crystals of fluorapatite (as received) were crushed using a pulverising ring mill to produce a similar P 80 . The head assays were performed by TSW High purity millipore water was used throughout all experiments, to reduce the potential for contaminants affecting the results of the leach studies. All acids used in the experiments were analytical grade. The reactor used in all leaching experiments contained three baffles evenly spaced around the inside of the vessel. The lid of the vessel housed the overhead agitator (3 blades) and drive motor. A digital tachometer was used to measure rotation speed of the agitator maintained at 1100 rpm to ensure the solids were adequately suspended in the fluid. The experimental details on leaching have been reported in previous publications (Senanayake et al., 2010) . Once the solids were added, the leaching timer was started and the temperature of the system was monitored using a thermometer. The slurry samples were taken at set time intervals (0, 10, 20, 30 min and 1, 2, 4 h) from the reactor using a 50 mL syringe attached to a 20 cm length of tube. The slurry was immediately filtered using a
Buchner vacuum filtration system. The filtrate was poured into 30 mL sample jars, while the filter paper and solid contents were taken for further drying. Once the samples were dry, the weight of the solid residue was taken. A summary of the experimental program is shown in Table 3 . The test parameter boundaries were determined by previously published studies. Acid concentration was determined by the pulp density of the slurry and the mass of solid required using the stoichiometry shown in Table 1 and the requirements as shown in Table 3 .
RESULTS AND DISCUSSION
Characterisation
Feed materials
Figures 3 (Table 4) and REEs (Table 5) 
Leach residues of phosphate concentrate
The assays of the leach residues of the phosphate concentrate obtained in different acids are listed in Table 6 . The results indicate higher residual REEs in leach residues produced from all solutions of H 3 PO 4 (6.47% -9.65%) compared to lower values in HCl and HNO 3 (2.77% -4.18%). The highest and lowest enrichment of total REEs in H 3 PO 4 are caused by the pre-leach in 3.25 mol L -1 (9.65%) and 2.28 mol L -1 (6.47%) solutions, respectively, at 95 o C. Moreover, low contents of Al, Fe and Si and high contents of Th in leach residues generated using H 3 PO 4 at 95 o C, compared to other acids, may be the potential advantages of using phosphoric acid as the lixiviant during pre-leach of REE-fluorapatite concentrates.
Leaching of fluroapatite
The leach duration for tests FAP1 and FAP2 using H 3 PO 4 was 4 hours. However, the tests using HCl and HNO 3 were concluded at 30 minutes and 2 hours, respectively, due to 100% dissolution of the initial fluorapatite solid. These observations are reflected in the results summarised in Table 7 and Figure 6 , which shows that high dissolution of calcium in the HCl and HNO 3 was achieved within the first 20 minutes. Figure 6 ). This behaviour can be rationalised on the basis of lower proton activity (higher pH) of H 3 PO 4 compared to other acids at a given concentration (Bandara and Senanayake, 2015) . Table 9 summarises the Ca/P ratio results based on the fluorapatite formula, stoichiometry (theoretical ratio) and the final leach liquor results from each acid. The purpose of analysing the Ca/P ratio is to investigate whether the H 3 PO 4 leach system has produced a surface blocking species which retards the leaching of calcium as shown in Figure 6 . As the results in Table 9 show, the Ca/P molar ratios in HClO 4 , HCl and HNO 3 closely agree with the theoretical ratio of 1.7 in the fluorapatite. The H 3 PO 4 test however, showed a significantly lower molar ratio of Ca/P = 0.6 compared to the ratios based on assays and tests with other acids. Similar studies based on the second sample of FAP (FAP2 in Table 4 ) showed shrinking core kinetics indicating that the FAP surface is changing from the normal FAP structure to a calcium rich product layer (Bandara and Senanayake, 2015) . Nevertheless, Figure   7 shows reasonably good linear correlation of slope 1 for the plot of composition of Ca, P, F, Mg, Fe and Al (mg/L) in leach liquors produced from HCl, HNO 3 and H 3 PO 4 as a function of that of HClO 4 . This indicates the fact that the different anions from acids have no significant influence on the leaching of FAP, as described by the reactions in Table 1 , except for the kinetic effects reported previously (Bandara and Senanayake, 2015) .
Leaching of concentrate
A summary of the results from the leaching experiments of the concentrate using HClO 4 , HCl, HNO 3 and H 3 PO 4 at different acid concentrations, solid/liquid ratios and temperatures are shown in Table 10 and Figures 8-11 . A brief discussion on the effect of different acids and conditions is presented below. As shown in Figure 9a , 100% of the calcium present in the concentrate was leached in HCl and HNO 3 , but only 85% leaching was observed in H 3 PO 4 . As shown in Table 9 , the Ca/P molar ratio calculated for the concentrate based on the initial solid head assay is 2.4. This may be compared to the experimental Ca/P molar ratio determined from the final 4 hour leach liquor assays which vary in the descending order: HCl (2.7) > HNO 3 (2.3) > H 3 PO 4 ( 1.7) . The lower experimental molar leaching ratio of Ca/P in H 3 PO 4 is consistent for both concentrate and FAP as shown in Table 9 . The leaching efficiency of fluoride from the concentrate in H 3 PO 4 is close to 30% (Table 10 ) compared to 100% in the case of FAP (Bandara and Senanayake, 2015) , which can be related to the presence of other minerals associated with the concentrate noted in Figure 4 . Nevertheless, the leach curve for calcium shown in Figure 9 (a) for concentrate and that in Figure 6 for FAP1 follow similar trends indicating that leach products may be forming on the surface of both FAP and concentrate particles during leaching, resulting in lower leach efficiency of calcium compared to phosphorous (phosphate). The leaching efficiency of rare earth elements in the three acids, HCl, HNO 3 and HClO 4 was considerably higher compared to that in H 3 PO 4 due to the fact that REEs were present in the concentrate as rare earth phosphates as replacements in the crystal lattice for calcium (Fleet and Pan, 1995) . Table 10 .
Effect of different acids (a) Leaching efficiency
(b) Chemical species and equilibrium constants
Effect of H 3 PO 4 concentration
The results in Table 10 show that the leaching efficiencies of calcium, iron and aluminium increase with the increase in acid concentration. The increase in calcium leaching can be accompanied by the formation of HF in solution (reactions 4 a,b in Table 1 ), which enhances leaching of aluminium and iron due to the formation of stable complex ions in solution (reactions 47 and 49 in Table 13 ). However, uranium and thorium showed decreasing leaching efficiencies with increasing acid concentration. The leach curve for uranium at different acid concentrations is shown in Figure 10a . The plot indicates that the formation of a precipitate occurred after 10 minutes of leaching in acid at higher concentrations. This may be attributed to the precipitation of uranium as Ca(UO 2 ) 2 (PO 4 ) 2 .3H 2 O according to reaction 50 in Table 13 . Thus, increased leaching of calcium at higher concentrations of H 3 PO 4 is detrimental to the leaching of uranium. The influence of phosphoric acid concentration on the leaching of rare earth metal ions is not as profound as the difference observed in different acids (Table 10 ).
The low leaching of REEs in H 3 PO 4 is largely a result of the phosphate precipitation discussed previously and is confirmed in the leach curve of lanthanum shown in Figure 10b into the uranium and rare earth speciation is required for better understanding. Table 10 shows that the leaching efficiency of calcium decreased from 99% to 85% with increasing temperature. Likewise, as shown in Figure 11 , the leaching efficiency of uranium decreased with increasing temperature, whilst at 95 °C uranium formed a precipitate. Further investigation is required to confirm the formation of these precipitates. In terms of rare earth leaching, the log K values in Table 14 show that a small decrease in solubility is expected. Thus, a systematic study is essential to understand the solubility behaviour of rare earth phosphates at the desired temperatures.
Effect of temperature and pulp density
A summary of the results from the experiments at different pulp densities is shown in Table 10 . It was expected that as the pulp density of the system decreased, the leaching efficiency of the elements in the concentrate would increase due to enhanced lixiviant and particle interaction giving greater contact time. However, this prediction was not reflected in the leach results as the 10% solids (w/w) appear to be the most effective in leaching calcium, iron and aluminium. Further test work would be required in this area.
Comparison of pre-leach options
As noted in sections 1 and 2 (Figure 1) , the pre-leach of phosphate concentrates using hydrochloric acid dissolves all calcium and a significant amount of REEs (Beer et al., 2008) .
Limestone and lime are added to the leach liquor to recover the uranium, fluoride, gypsum and di-calcium phosphate (Senanayake et al., 2014b) , while the hydrochloric acid regenerated with sulphuric acid can be recycled back to the pre-leach process (Feldmann and Demopoulos, 2015) . In contrast, the maximum leaching efficiencies of calcium (100%) keeping dissolution of REEs at a minimum level in H 3 PO 4 at high acid concentrations (Tables 10 and 14) shows a positive impact on selecting H 3 PO 4 as a pre-leaching agent, instead of HCl. Moreover, Table 1 shows that the leaching of a mole of Ca 5 (PO 4 ) 3 F requires 7 moles of H 3 PO 4 (equation 4a) whereas the regeneration of acid with H 2 SO 4 produces 10 moles of H 3 PO 4 (equation 4c), leading to the overall pre-leach reaction in equation 1, which is the same as pre-leach with H 2 SO 4 . Unlike sulphuric acid which is not favoured in direct pre-leach due to potential entrainment of REEs, in the phosphor-gypsum precipitate, the phosphoric acid pre-leach offers two advantages: (i) the production of a rare earth enriched residue which can be further processed using standard methods described in the literature (Gupta and Krisnamurthy, 2005) , (ii) the regenerated H 3 PO 4 can be recycled for pre-leach and the excess can be further treated for fertiliser production. According to the data presented in Tables 6 and 10 , the most suitable leaching conditions to minimise the deportment of REEs, uranium and thorium appears to be 3.25 mol/L H 3 PO 4 , 5% (w/w) solids at 95 o C over 4 h. Although a simplified conceptual block diagram is shown in Figure 12 , further work with continuous leaching and recycling is essential to rationalise the build up of impurities and the viability of the flowsheet.
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CONCLUSIONS
A comparative study on the acid pre-leach of fluorapatite and a rare earth phosphate concentrate was conducted to investigate the leachability of the fluorapatite component using Table 2 for leach conditions) (Table 10 ) at leach conditions: : 95 °C, 5% solids (w/w), agitation speed 1100 rpm, 4 h leach duration (Figures 10c and 10d) . Olanipekun, 1999; Wilemon, and Scheiner, 1987; Wang et al., 2010 2 Ca 10 (PO 4 ) 6 F 2 + 20HNO 3 = 6H 3 PO 4 + 2HF +10Ca(NO 3 ) 2 Habashi, 1998; Li et al., 2006; Jorjani et al., 2011 3 Ca 10 (PO 4 ) 6 F 2 + 20HCl (or HClO 4 ) = 6H 3 PO 4 + 2HF +10CaCl 2 (or Ca(ClO 4 ) 2 ) Zafar et al., 2006; Dorozhkin, 2012; Bandara and Senanayake, 2015 4a Ca 10 (PO 4 ) 6 F 2 + 14H 3 PO 4 = 2HF +10Ca(H 2 PO 4 ) 2 Zafar et al., 2006; Habashi, 1998; Wang et al., 2010; Antar and Jemal, 2008 4b Ca (Mackowski et al., 2011) Agitation: 1100 rpm, 4 h leach duration (some of these leaching conditions were used for fluorapatite as well (leaching results of fluoraptite samples are in Table 7 ) Haynes et al. (2014 Haynes et al. ( -2015 b Calculated using reactions in tables c Gorman-Lewis et al. ( 2009) 
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